We study a model for a monolayer single adsorbate system used to describe pattern formation on adsorbates with lateral interactions, when it is submitted to pressure oscillations. Through numerical and analytical (based on a two-state approximation) methods to analyze the existence of stochastic resonance in such a bistable system. This is a first step toward the study of resonant phenomena in adsorbate systems with moving fronts and/or with presence of micro-reactors or spots. 
Introduction
The problem of phase transitions and ordering phenomena in adsorbed films on crystal surfaces has attracted considerable interest for many years (see [1] for a review). Formation of ordered structures of particles adsorbed on surfaces due to mutual (lateral) interactions has been observed in many experiments, originating different types of adsorption isotherm [2, 3] . Strong attractive (lateral) interactions lead to phase separation with different coverage, characteristic of first order phase transitions [2] [3] [4] .
In this work we study the possibility of a resonant response in a simple model of a monolayer single adsor-bate system used to describe pattern formation on adsorbates with lateral interactions [2, 5, 6] , when the system is submitted to pressure oscillations. Our goal is to analyze, for the homogeneous case, the existence of stochastic resonance (SR) [7, 8] in such a bistable system and argue about the possibility of its experimental verification. The objective behind this study is, after this first step, to analyze the possibility of some form of resonant phenomenon in the nonhomogeneous case, when there is a kind of patchiness with high and low coverage regions, for instance a form of SR in the front's motion separating both kinds of regions (analogous to the study in [9] ). We are particularly interested in studying the possibility of some form of resonant phenomenon in systems where spots or other well localized structures, such as microreactors [3, 11, 12] are present, situations that require the explicit inclusion of the presence of the substrate as in [3, 11, 12] . We expect that such phenomena could in some way be exploited in order to selectively enhance the system's catalyzing response in highly localized regions. In what follows, we present the model and the phase diagram. Next, we consider the presence of pressure oscillations and fluctuations and analyze, both numerically and analytically (by means of a two-state approximation), the phenomenon of SR in such a system. Finally, we draw some conclusions.
Adsorptive system
We adopt here a phenomenological point of view. However, a formal derivation of the mesoscopic master equation leading us to the phenomenological equations we present here is possible, requiring a microscopic description, as the one used in Ref. [12] . We adopt a continuous description for the surface, and characterize the adsorptive species through evolution equations for ( ), the local coverage in the layer (see the approach in [12] for a precise definition of this local coverage). The adsorptive contribution is characterized by (a constant), and the adsorption is only possible in the (1− ) free sites of the corresponding layer. Hence, the adsorption rate is (1 − ), where is the partial pressure of the gaseous phase. The desorption process has a rate , that includes 0 , the desorption for noninteracting particles, and a correction due to the lateral interactions. The strong local bond induced by the interaction U( ) corrects the desorption rate as = 0 exp[U( )/T ], where T is the temperature (including the Boltzmann constant which we do not write explicitly in order to avoid confusion with other constants). According to the form we use to introduce such an interaction, we are assuming that it is a substratum mediated interaction. The potential U( ) produces a force F = −∇U( ) that affects the adsorbed particles inducing a velocity = F , where is the mobility (given by Einstein's relation = T , with the diffusion coefficient on the surface). The associated particle flux is ∼ . Because the flux is only possible to the (1 − ) free sites, its final form is = − T (1 − ) ∇U( ) while the diffusion flux is given by = − ∇ Considering all the above, the evolution equation for the coverage can be written as
For the functional form of U( ), we assume an attractive potential among the adsorbed particles separated by a distance that we denote by ( ). The potential acting on a particle located at on the surface is
The integration domain is the whole surface. The function ( ) depends on the nature of the system. If the interaction radius is small compared with the diffusion length, and the coverage is not much affected by variations in this radius, we can approximate
The spatial derivatives are evaluated at . Hence, to the lowest order, we obtain
where the coefficients are given by 0 = ( ) , and χ = 1 
Following Ref. [12] , we have neglected the contribution coming from the term χ∇ 2 , under the assumption that it is only a small contribution. To simplify the notation, we scale the variables as fol-
characterizes the coverage in equilibrium when U( ) becomes zero. With the indicated scaling the evolution equation for ( ξ τ) reduces to
where ∇ ξ indicates the gradient with respect to ξ The kind of analysis outlined in [2] , has been strongly criticized in [13] on the basis that the Maxwell construction in [2] is done assuming that the coverage near the interface corresponds to the spinodal points. This was discussed Fig. 1 we depict the phase diagram that clearly shows three regions: a low and a high coverage region, and a central region corresponding to coexistence, where the condition = 0 is fulfilled. In order that the interface separating both phases be stationary, the Maxwell condition should be satisfied. The condition which results is:
where ( ) was given above (fulfilling 
Pressure oscillations and stochastic resonance
Let us consider the system described by Eq. (6), Which for the case of a homogeneous coverage reduces to We now consider that the pressure is subject to both periodic oscillations and fluctuations. Hence, we assume that the parameter α can be written as
where the first two terms correspond to the deterministic part, α is the mean value and α 1 is the amplitude of the oscillations, while α 2 2 is the fluctuation's intensity. ξ(τ) is Gaussian white noise of zero mean and correlation ξ(τ)ξ(τ ) = δ(τ − τ ) We have chosen to consider oscillations and fluctuations in the parameter α, that is in the pressure, as in this case they affect the system in a simple way: only through the first term in Eq. (5). We could also consider temperature oscillations, but they simultaneously affect several of the system's parameters: , , , making the analysis and parameter tuning much more difficult.
Eq. (8) can be written as an over-damped Langevin equation
with the deterministic contribution α = α + α 1 sin(ω τ) In what follows, we adopt α 1 = 1 8 × 10
−3
In order to analyze the possibility of a resonant response in this bistable system, we assume that the modulation frequency is slow enough for the system to behave in an adiabatic regime (the relaxation within each well is much faster than the modulation). Also, to avoid possible negative pressure values, the noise intensity should be weak enough for the negative tails to be negligible. The Fokker-Planck equation associated with the Langevin equation (D = α 2 2 ) (Eq. (10)) is
whose resulting stationary solution is:
with a normalization constant,
With the above indicated form of the stationary probability distribution (spd), we are in position to evaluate all the quantities needed to obtain the signal-to-noise ratio (SNR) within the two-state approximation [15, 16] . Since, in the region of interest, the potential has a marked asymmetric form (apparent in Fig. (2) ), we will use the general expressions developed in [17] . There it was shown that
where and µ are the first two terms in the linear expansion of the time dependent transition probabilities entering into the two-state approach
Instead of using the Kramers approximation [18] [19] [20] to evaluate the µ , here we have chosen to exploit the form of the pdf in Eq. (12) to numerically integrate the firstpassage time expression for a bistable system [19] . The theoretical results have been compared with numerical simulations of Eq. (10) . In order to numerically integrate the indicated equation, we have used the Heun method [21] , averaging over 70 realizations with a length of 25 cycles each, and for a frequency ω = 1 2 × 10 . The results, normalized to the maximum value of the SNR, are shown in Fig. (3) . The qualitative agreement between the two-state approximation and the numerical simulation is apparent. We have also analyzed other parameter regions, finding a similar qualitative agreement that we do not show here.
Conclusions
We have exploited a toy-like (but realistic) model of an adsorbate system in order to analyze the possibility that a stochastic resonant phenomenon could arise when the system is submitted to oscillations and fluctuations in some parameter. As a first step in our study we have considered the homogeneous case, finding a good qualitative agreement between theory (based on the two-state approach) and numerical simulations, and clearly indicating-see Fig. 3 -the possibility of SR in such a system. It is worth remarking that the potential asymmetry (see Fig. 2 ) is somehow compensated by the (multiplicative) noise asymmetry. As indicated before, considering pressure oscillations makes the parameter's tuning-and probably also experimental control-easier in a possible experimental setup, not only in the present case of a single adsorbate, but also in more complicated situations.
However, an extremely relevant question regards the possibility of experimental verification of the above indicated theoretical study, as well as other possibilities indicated later. Clearly, a careful selection of the experimental system is required, considering that one should look for time scales separation for the adiabatic regime to be valid (that is, the modulation should be slow enough for the coverage to be always near equilibrium), in order that the conditions be adequate for experimental observation of the phenomenon. However, it is also necessary to consider if one is going to study single or multicomponent systems, single or multilayer systems, and homogeneous coverage or moving fronts. If one looks to a system like the one analyzed here, the first step will be to obtain a phase diagram analogous to the one in Fig. 1 , in order to determine the adequate experimental parameter region. Current experimental techniques seem to be adequate to perform such kinds of experiments-for example, fast scanning tunneling microscopy and field ion emission microscopy [25] .
From a theoretical point of view, there are still other open related possibilities such as: (a) to analyze the possible resonant response for the situation where a front joining low and high coverage zones exists, with its velocity changing sign following pressure oscillations, in analogy to the study in [9] ; (b) to study stochastic resonant phenomenon in multilayered systems [6] , maybe making a connection with wetting processes; (c) to study related catalytic systems with several components like the case of O and C O on Pt surfaces [23] ; and (d) to analyze the possibility of resonant effects in a system with spots or microreactors both in its formation and/or motion [11, 12, 22] . The theoretical study of these more realistic situations, as well as the analysis of their experimental possibilities will be the subject of further work. 
